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We have provided evidence that external Mg2/ induces correlated changes in [Ca2/]i and membrane current or potential in
prawn oocytes without any requirement of fertilization, using the ¯uorescent Ca2/ indicator Ca green dextran and voltage
and current clamp methods. Replacement of Mg2/-free ASW with standard (40 mM Mg2/)ASW triggered a diphasic [Ca2/]i
response consisting of an oscillation period followed by a second state of sustained [Ca2/]i level devoid of oscillation, lasting
about 70 min and up to 3 hr, respectively. In contrast, oocytes maintained for a long time in Mg2/-free ASW showed no
changes in [Ca2/]i which remained at a basal concentration of about 0.2 mM. The simultaneous records of [Ca2/]i and
membrane or current changes showed that the oscillation period started with a ®rst [Ca2/]i peak (about 1.7 mM) and was
correlated with an initial transient membrane hyperpolarization or a transient initial outward current peak. The ®rst [Ca2/]i
peak was followed by a slow decrease in [Ca2/]i followed by a series of [Ca2/]i transients, concurrent with a slow depolariza-
tion of the membrane or a related inwardly directed current. The oscillation period ended with an oscillatory plateau of
[Ca2/]i (about 0.6 mM) lasting 49.6 { 4.5 min, the onset of which was concomitant with a ®nal membrane hyperpolarization
or a related ®nal outward current. A continuous contact between external Mg2/ and the oocyte membrane was necessary
to maintain the program of [Ca2/]i and membrane conductance changes. The sources of Ca2/ mobilization are of internal
origin for both the ®rst peak and the subsequent series of [Ca2/]i oscillations, and are mainly of external origin for the
oscillation plateau and for the second state of sustained [Ca2/]i level. The ®rst and second step of the cortical reaction
occurred during the oscillatory plateau and the second state of sustained [Ca2/]i level, respectively. q 1996 Academic Press, Inc.
INTRODUCTION wave which spreads from the site of sperm fusion through
the egg (Jaffe, 1985). In protostome eggs, only a few reports
have demonstrated [Ca2/]i changes, such as a transientIn a wide variety of species, the earliest physiological
[Ca2/]i increase at fertilization in the two bivalve molluscsevent in fertilization is a change in the egg membrane poten-
Ruditapes and Mytilus (Abdelmajid et al., 1993), a [Ca2/]itial, known as the ``fertilization potential'' (Hagiwara and
fertilization pulse (a uniform synchronous [Ca2/]i increaseJaffe, 1979; Goudeau et al., 1994), followed by an explosive
over the whole egg) followed by transient [Ca2/]i rises intransient increase in the concentration of cytosolic free cal-
several bivalve species (Deguchi and Osanai, 1994) and prop-cium ions [Ca2/]i de®ned as ``the fertilization pulse'' (the
agated and nonpropagated calcium transients in the annelidubiquitous physiological activator of both invertebrate and
Chaetopterus (Eckberg and Miller, 1995). Most mammalianvertebrate eggs (review in Jaffe, 1985). In many deuteros-
(reviews in Miyazaki et al., 1993; Swann and Ozil, 1994)tome species, this fertilization pulse takes the form of a
and ascidian (review in Jaffe, 1991) deuterostome-activated
eggs show repetitive [Ca2/]i transients following the fertil-
ization pulse. The bivalve and annelid eggs are so far the1 To whom correspondence should be addressed at Station Biolog-
ique, BP 74, 29682 Roscoff Cedex, France. ®rst examples of protostome eggs displaying such a pattern
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taining 100 mM KCl, 10 mM Hepes (N-(2-hydroxyethyl)piperazine-(Deguchi and Osanai, 1994; Eckberg et al., 1993; Eckberg
N*(2-ethanesulfonic acid), pH 7. Micropipets for injections wereand Miller, 1995). In contrast to most systems, oocytes of
made from aluminosilicate glass capillaries 1 mm o.d. 1 0.53 mmthe prawn Palaemon serratus are physiologically activated
i.d. (SM 100 F-10, Clark Medical Inst., Pangbourne, England) andby seawater Mg2/. Indeed, whether or not fertilization oc-
beveled with an homemade beveler to obtain a tip diameter of 1.5curs, external Mg2/ triggers the same changes in the oocyte
to 2 mm. A pulse pressure system was used to inject oocytes with
membrane potential which consist of an initial hyperpolar- the Ca green stock solution at 0.1 to 0.3% of the oocyte volume
ization, followed successively by a depolarization and a ®nal giving an intracellular concentration of about 5 to 12 mM Ca green
hyperpolarization (Goudeau and Goudeau, 1986b). Simi- dextran. In some experiments oocytes were coloaded with Ca green
larly, external Mg2/ stimulates the resumption of meiosis dextran and the Ca2/ chelator BAPTA by microinjecting a solution
of 2 mM Ca green dextran and 100 mM BAPTA K (Molecularin prawn oocytes which are arrested in the ®rst meiotic
Probes). The injected volume was estimated by measuring the di-metaphase at the time of spawning (Goudeau and Goudeau,
ameter of the pressure-ejected drop of the loading solution released1986a). External Mg2/ also triggers a loss of prawn oocyte
into mineral oil. For ¯uorescence observations, individual ovulatedmembrane microvilli and membrane retrieval followed by
oocytes were positioned in a 0.6-ml lucite machined chamber, thean increase in membrane conductance and capacitance as-
bottom of which consisted of a glass coverslip. The chamber wassociated by a subsequent extended cortical reaction (lasting
continuously perfused with one of the different ASWs kept at 167C.
about 3 hr) leading to the deposition of a stiff capsule be- The chamber was mounted on the stage of a Nikon diaphot TMD
neath the vitelline coat (Goudeau et al., 1991). Another inverted microscope with an epi¯uorescence attachment equipped
species in which oocyte activation is also triggered by sea- with a 100 W xenon lamp. The Nikon ®lter combination used for
water Mg2/ is the marine shrimp Sicyonia ingentis. External Ca green dextran ¯uorescence comprised 470±490 nm (excitation
®lter), 510 nm (dichroic mirror), and 520±560 nm (barrier ®lter).Mg2/ stimulates the resumption of meiosis (Pillai and
Emitted light was collected with a Hamamatsu R 647 photomulti-Clark, 1987, 1988), successively promotes the formation of
plier (Hamamatsu France). The resulting current was ampli®ed bythe jelly layer, the cortical reaction leading to the hatching
an I.V. converter and then recorded on a Sefram PED or a Gouldenvelope (Pillai and Clark, 1988, 1990), and triggers a [Ca2/]i
3300 chart recorders (Sefram France, Gould, France). Light fromactivation wave across the oocyte (Lindsay et al., 1992). In
the xenon lamp was reduced to 3.1% of its maximum by using aconnection with this [Ca2/]i activation wave in Sicyonia neutral density ®lter (Nikon ND 32 France). In addition, to suppress
oocyte, it has been de®ned that gastrulation occurs by inva- background artifactual ¯uorescence from the surrounding extracel-
gination in this species and has been consequently consid- lular medium, the emission beam was windowed by a circular dia-
ered as resulting in the ``deuterostome'' condition (Hertzler phragm (Nikon micro¯ex PFX) with a diameter just inferior to that
and Clark, 1992). It was thus tempting to clarify whether of the oocyte. Calcium signals monitored by Ca green dextran are
not calibrated and are expressed in relative values as F/FR, whichMg2/-activated prawn oocytes display only one or multiple
correspond respectively to the ¯uorescence intensity (F) and the[Ca2/]i transients, thereby following either the pattern dis-
basal resting ¯uorescence (FR), both corrected for the auto¯uores-played by sea urchin, frog, ®sh, and shrimp eggs or that
cence level. Thus, F represents the ¯uorescence at time t divideddisplayed by mammalian, ascidian, bivalve, and annelid
by the resting ¯uorescence FR observed before adding Mg2/. How-eggs.
ever, the free-Ca2/ concentration in the oocyte [Ca2/]i was tenta-In this study, we demonstrate that a continuous contact
tively approximated using the relation (Kao, 1994)
of Mg2/ with the prawn oocyte membrane produces oscilla-
tory [Ca2/]i changes and a subsequent sustained level of
(Ca2/)i  K*d 1 (F 0 Fmin)/(Fmax 0 F),[Ca2/]i which are concurrent with membrane conductance
changes and are correlated with activation events.
where Fmin is the indicator of ¯uorescence intensity measured in
situ at very low [Ca2/]i , Fmax represents the corresponding parameter
at very high [Ca2/]i , and F is the measured ¯uorescence intensityMATERIALS AND METHODS as previously de®ned. The value of K*d for Ca green dextran was
taken as 0.66 mM. This value was determined for Ca green 1 by
Mohri et al. (1995) to calibrate cytosolic Ca2/ changes in the seaObtaining ovulated oocytes. Female prawns (P. serratus) were
obtained from the Station Biologique at Roscoff in Brittany during urchin eggs. This value of K*d could introduce an uncertainty in the
estimation of [Ca2/]i since the Kd of dextran-conjugated indicator isthe breeding season (from October to June). The ripest females were
isolated from the males and reared in individual aquaria supplied slightly higher than that of the corresponding unconjugated indica-
tor (Kao, 1994). Fmax was determined by treating oocytes preinjectedwith running natural seawater at about 107C (winter) or 137C
(spring). Ovulated oocytes were obtained by dissecting ripe females with 5 mM Ca green dextran with 2 mM ionomycin (Calbiochem,
France) in Mg2/-free ASW (with 12 mM Ca2/). Fmax averaged 2.9caught in the act of spawning. The ovarian wall was incised and
the ovulated oocytes ¯owed out. Oocytes were collected in Mg2/- times the oocyte ¯uorescence resting value (n  4). Fmin was deter-
mined by depleting the cytosolic Ca2/ with a high concentrationfree ASW and stored at 127C. They measure about 650 mm in diame-
ter. The compositions of the different ASWs are given in Table 1. of free-acid ionomycin (6 mM) in Mg2/ and Ca2/-free ASW con-
taining 10 mM EGTA. This procedure gave a ¯uorescence signal[Ca2/]i measurement. Ovulated oocytes were microinjected
with the ¯uorescent Ca2/ indicator Ca green dextran (Mr 10,000) which decreased and attained a stable value 60 min after ionomycin
addition. Fmin averaged 0.33 times the oocyte ¯uorescence restingobtained from Molecular Probes (Eugene, OR.). Ca green dextran
at a concentration of 4 mM was made up in stock solution con- value. We estimated that the basal resting ¯uorescence (FR) in unac-
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TABLE 1
Composition of the Arti®cial Seawaters Used (pH 8.2)
Composition (mM)
Arti®cial seawater (1070 mOsm) Na/ K/ Ca2/ Mg2/ NMG/ Cl0 MeS0 Glc0 Tris EGTA
Standard ASW 475 11 12 40 Ð 600 Ð Ð 10 Ð
Mg2/-free ASW 530 11 12 Ð Ð 575 Ð Ð 10 Ð
Mg2/ and Ca2/-free ASW-EGTAa 550 11 Ð Ð Ð 571 Ð Ð 10 0.5
Low Cl-ASW 475 11 12 40 Ð 21 475 104 10 Ð
Low-Cl0 Mg2/-free ASW 530 11 12 Ð Ð 21 530 24 10 Ð
Ca2/-free Mg2/-enriched ASW-EGTA 475 11 Ð 52 Ð 600 Ð Ð 10 0.5
Mg2/-free Ca2/-enriched ASW 530 11 52 Ð Ð 600 Ð Ð 10 Ð
Na/ and Mg2/-free ASW 0 11 12 0 530 575 Ð Ð 10 Ð
Na/-free ASW 0 11 12 40 475 600 Ð Ð 10 Ð
Note. NMG, N-methyl-D-glucamine; MeS, sodium methane sulfonate; Glc, calcium, potassium, and magnesium gluconates; Tris,
(Tris(hydroxymethyl)aminomethane±HCl); EGTA, ethylene glycol-bis(b-aminoethyl ether).
a At maximum 0.2 mM Ca2/.
tivated oocytes corresponded to about 0.2 mM [Ca2/]i . In addition, RESULTS
we veri®ed on nonpreinjected oocytes that the auto¯uorescence
level remained unchanged after the Mg2/ effect, even on activated Mg2/-Induced Changes in [Ca2/]i
oocytes having undergone their cortical reaction.
When bathed with standard ASW containing 40 mM ofDetection of meiosis resumption in Mg2/-stimulated oocytes.
Oocyte DNA was speci®cally detected with the DNA vital dye Mg2/, all the ovulated prawn oocytes displayed characteris-
Hoechst 33442. Some oocytes that had been preinjected with Ca tic changes in [Ca2/]i which developed in two main steps,
green dextran were incubated for 15 min in a Hoechst solution in a ®rst oscillation period lasting 76 { 5.5 min (n  17) fol-
Mg2/-free ASW (5 mg/ml) and rinsed with Mg2/-free ASW. Oocytes lowed by a second state of sustained [Ca2/]i level devoid of
microinjected with Ca green dextran and loaded with Hoechst were oscillations lasting at least 3 hr (Fig. 1a). In contrast, in
excited alternately with speci®c Nikon ®lter combinations for Ca oocytes which were maintained in Mg2/-free ASW for 1 hr,
green dextran (see above) or UV light for Hoechst (exciter ®lter,
[Ca2/]i remained unchanged at about 0.2 mM (n  6, not330±380 nm; dichroic mirror, 400 nm; barrier ®lter, 420 nm).
shown). These results obviously indicate the involvementElectrophysiological recordings. Impalements were performed
of external Mg2/ in the [Ca2/]i response of the ovulatedwith aluminosilicate glass (1 mm o.d. and 0.53 mm i.d.; resistance,
prawn oocyte.30±50 MV when ®lled with 3 M KCl). Unactivated oocytes were
voltage clamped using a switched single electrode clamp (Biologic The oscillation period. Shortly (33 { 4 sec, n  15) after
SC 100), used concurrently with a high impedance ampli®er (Bio- the replacement of Mg2/-free ASW by standard ASW in the
logic VF 180) and a clamp ampli®er (Biologic CA 100). Oocytes measurement chamber, the [Ca2/]i signal rapidly increased
were impaled by momentarily overcompensating the negative ca- to peak, pkm, at a maximal value of F/FR  2.17 { 0.03,
pacitance. The switching frequency (SF) and the duty cycle of the considered to correspond approximately to 1.7 mM of Ca2/,
switched single electrode clamp were carefully adjusted, in the within 37 { 4 sec (n  27) (Figs. 1a±1d and 3c and Table
range of 8 to 8.4 KHz for SF and 0.2 for DT, in order to obtain the
2). Then the [Ca2/]i signal rapidly decreased to a stable level,minimum noise on the current. The experiments were conducted
p, approximately equal to two-thirds of the maximal peakby continuously maintaining the voltage (Vm) of individual oocytes
value, indicating the end of the peak. After this ®rst peak,at a chosen level before and during activation by external Mg2/ and
a slow decrease of the [Ca2/]i signal occurred as a shoulder,up to 1 hr 30 min after a current response was observed upon
addition of Mg2/. In some experiments, the membrane was clamped s, followed by a more or less abrupt decrease which usually
with a voltage ramp (0100 to /50 mV, 0.005 Hz) to construct attained a higher value than that of the basal resting ¯uo-
the I±V curves and to follow the changes in membrane conductance rescence. This decreasing phase was followed by a series of
during the activating process. When oocytes were current clamped, [Ca2/]i transient oscillations, which arose from a level of
we used only the high impedance ampli®er (Biologic VF 180). The [Ca2/]i slightly higher than the resting one and were variablecirculating ASWs were kept at 167C. in number and amplitude, although these values were al-
On individual oocytes undergoing activation we usually obtained
ways smaller than those of the ®rst peak (Figs. 1a, 1d, andsimultaneous recordings of membrane potential or current and Ca
3c). Exceptionally, 3 experimental oocytes of 21 displayedgreen dextran ¯uorescence signal, using the Nikon microscope
oscillations with an amplitude as large as that of the ®rstwith epi¯uorescence attachment.
peak (Fig. 1b). The transient oscillations were always fol-Statistics. Values are given {SEM, the signi®cance of differ-
ences being evaluated by the Student t test. lowed by an elevated [Ca2/]i period that consisted of an
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FIG. 1. (a±e) Simultaneous records of relative changes in the ¯uorescence signal (F/FR) and membrane potential (Vm) or current (Im) changes, in
oocytes preinjected with Ca green dextran and stimulated by replacement of Mg2/-free ASW (0 Mg, 12 Ca) to standard ASW. In records of changes
in ¯uorescence signal, vertical dotted line indicates the limit between the ®rst (1) and second (2) steps of the [Ca2/]i changes. pkm, 1st peak of
[Ca2/]i ; p, stable level indicating the end of the [Ca2/]i peak; s, the [Ca2/]i shoulder; op, the onset the oscillatory plateau; horizontal arrowhead
line indicates the duration of the oscillation plateau; 1st and 2nd step CR, respective duration of the ®rst and second step of the cortical reaction.
In the record of Im changes, the limits of the phases of initial transient outward current (Iout), inward current (Iinw) and ®nal outward current (If.out)
are indicated by vertical dotted line. Imax, maximal value attained by Iout; Ioe, value of the current which marks the end of the Iout phase; pl , the
plateau which marks the beginning of the Iinw phase; Idecr, point of slope change which marks the beginning of the If.out phase. In the records of
Vm changes, the limits of the phases of transient membrane hyperpolarization (IHyp), membrane depolarization (Dep) and ®nal membrane hyperpolar-
ization (fHyp) are also de®ned by vertical dotted line. Hmax, He, respective maximal and minimal values attained by IHyp; pl , the plateau which
marks the beginning of the Dep phase; fh, membrane potential value which marks the onset of the fHyp phase. For a, d, and e, numbers at the
breaks in the traces indicate the time elapsed (in minutes). (a) A long-record (3 hr) of correlated Vm and ¯uorescence signal changes in an oocyte
for which the time course of the cortical reaction was simultaneously observed. (b) Large [Ca2/]i oscillations occurring after the ®rst [Ca2/]i peak
and correlated with large transient hyperpolarizations each followed by a depolarization of the membrane. (c) High-speed recording of the concurrent
®rst [Ca2/]i peak and transient initial membrane hyperpolarization. (d) A long record (2 hr) of correlated changes of Im and ¯uorescence signal.
The oocyte was voltage clamped at 040 mV (Vc  040 mV). Vertical bars separate the regions in time when K/, Na/, and K/ channels are
subsequently open. (e) Record from an oocyte coinjected with Ca green dextran and BAPTA (intracellular concentrations of6 mM and 300 mM,
respectively). (f and g) Light micrographs of the impaled (*) oocyte generating the traces in a, taken respectively at 70 and 180 min after the onset
of the [Ca2/]i changes. In (f), membrane-bound vesicles are budding from the plasma membrane (arrows) representing the ®rst step of the cortical
reaction (160). In (g), the envelope 2 (2) resulting from the second step of the cortical reaction is deposited beneath the vitelline envelope (1) (190).
Black bars represent 100 mM.
oscillatory plateau which started from a [Ca2/]i level, op , F/FR  1.55 { 0.04, n  21, corresponded to about 0.6 mM
[Ca2/]i . Six oocytes microinjected with Ca green dextranslightly higher than the resting one and which lasted 49.6
{ 4.5 min (n  21) (Figs. 1a, 1d, and 3c). Its maximal value and treated with the DNA±vital speci®c ¯uorescent probe
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TABLE 2
Time after the Onset of Prawn Oocyte Activation by External Mg2/, for the Different Key Events
Electrophysiological changes
[Ca2/]i changesa Current-clamped oocytes Voltage clamped oocytes Clamped membrane potential
pkm attained Hmax attained Imax attained
37 { 4 sec (n  27) 11 { 2 sec (n  12) Ð 060 mV
12 { 2 sec (n  8) 0 mV
End of the peak attained He attained Ioe attained
(peak duration) (hyperpol peak duration) (Iout duration)
3.7 { 0.2 min (n  33) 3.7 { 2 min (n  22) Ð 060 mV
3.4 { 0.25 min (n  28) 0 mV
Start of osc plateau increase Start of fHyp Start of If.out
32.6 { 2.8 min (n  21) 32.8 { 3 min (n  21) 22 { 1 min (n  8) 060 mV
33.4 { 2 min (n  16) 0 mV
Note. Abbreviations used in Table 2 are de®ned in the legend to Fig. 1.
a Values from both current clamped oocytes and oocytes not electrophysiologically tested.
Hoechst 33442 emitted their ®rst polar body just before the oocyte membrane associated with an increase in its conduc-
beginning of the oscillatory plateau. During the oscillatory tance, successively followed by a phase of membrane
plateau all the experimental oocytes (n  21) developed the depolarization and of ®nal membrane hyperpolarization
®rst step of the cortical reaction consisting of large mem- (Goudeau and Goudeau, 1986b). Corresponding membrane
brane-bound vesicles budding from the plasma membrane currents were recorded using voltage clamp, and their ionic
(Goudeau et al., 1991) (Fig. 1f). mechanisms were examined. When bathed with standard
The second state of sustained [Ca2/]i level. After the ASW containing 40 mM Mg2/, all the experimental oocytes
®rst period, the ¯uorescent signal lost its oscillation pattern displayed three successive phases of changes in membrane
and consisted then of a sustained level of ¯uorescence F/FR current and conductance: an initial phase of transient out-
 1.2 { 0.03, n  21, which corresponded to about 0.33 mM ward current, Iout , followed by a phase of inward current,
[Ca2/]i (Figs. 1a, 1d, and 3c). We veri®ed, in four oocytes on Iinw, and a phase of ®nal outward current, If.out , (Figs. 1d and
which the ¯uorescent signal was monitored continuously 2a). In contrast, the electrophysiological characteristics of
for 160 to 220 min, that the cortical reaction had been com- oocytes maintained in Mg2/-free ASW remained unchanged
pleted, leading to the formation of a stiff capsule de®ned as for up to 2 hr (n  9). These results obviously indicated
envelope 2 (Goudeau et al., 1991) deposited beneath the involvement of external Mg2/ in the activation of different
vitelline coat (envelope 1) (Fig. 1g). Envelope 2 was detected oocyte channels.
around all oocytes (n  17) on which the ¯uorescent signal The initial transient outward current (Iout). Replace-
was monitored during shorter durations and which had been ment of Mg2/-free ASW by standard ASW elicited, after a
cultured in ®ltered normal seawater in depression slides delay of 28.6 { 1.8 sec (n  34), a fast transient outward
maintained in a wet chamber at 167C. Oocytes treated with current in voltage clamped oocytes (Figs. 1d, 2a, and 2b)
the DNA±vital dye Hoechst 33442 emitted the second polar which peaked at values, Imax, which were dependent on the
body at about 85 to 100 min after the onset of [Ca2/]i clamp voltage (Table 3). This outward current was always
changes. Stimulation with Mg2/-free Ca2/-enriched ASW transient, decreasing ®rst rapidly and then more slowly to
caused no change in [Ca2/]i , while the typical [Ca2/]i ®nally reattain a value, Ioe , close to that of the resting value.changes occurred later, evoked by standard ASW (not Its duration was not statistically different for all the
shown). Finally, the changes in [Ca2/]i induced by standard clamped oocytes irrespective of the clamped voltage, either
ASW were not observed in oocytes which were simultane- 060 or 0 mV (not shown). This current was always associ-
ously microinjected with Ca green dextran and BAPTA (n
ated with a large increase in the basal conductance (Figs. 4; Fig. 1e). These oocytes did not resume meiosis and
2a and 2b and Table 3), which was not dependent on thenever displayed envelope 2 (not shown).
holding voltage, since the maximal conductance was 4 or
3.5 times the basal conductance when the oocytes were
Involvement of Three Different Channels in the clamped at060 or 0 mV, respectively. Thus we extrapolated
Oocyte Electrical Response to External Mg2/ the value of Vm  Eeq , for which the maximal current cor-
rected from the basal value, Icorr.max ,  0, by expressing itWe previously demonstrated that external Mg2/ triggers
an initial transient membrane hyperpolarization of the as a function of Vm. Eeq was 080 mV, a value close to the
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FIG. 2. (a and b) Changes in membrane current (Im) and associated conductance (Gm) recorded on oocytes voltage-clamped at 0 mV (Vc
 0 mV) and subjected, as in Fig. 1b, to the effects of external Mg2/ by replacement of Mg2/-free ASW (0 Mg, 12 Ca) to standard ASW.
(a) One oocyte was injected with BAPTA (dashed line) or not (solid line). (b) Effects of the transient removal of Na/ from ASW (0 Na
ASW). (c) Membrane current during a voltage ramp (from 0105 to /50 mV) at the indicated time after replacement of Mg2/-free ASW by
standard ASW. Vertical arrows indicate the onset of the inward current increase; vertical and horizontal bars indicate respectively the
current calibration and time scale. (d) The amplitude of the initial transient outward current, corrected from the holding current (corr
Imax) as a function of the clamped voltage (mV). For a and b, the terms used are the same as in the legend to Fig. 1.
expected reversal potential for K/ (Fig. 2d). This was corrob- ward current. It peaked at a maximal value, Hmax, rapidly
decreased and ended at a determined value, He , markingorated by the fact that we recorded changes in membrane
current and conductance similar to those observed in stan- the onset of a further more gradual decline in membrane
potential (Tables 2 and 3).dard ASW (n  3; not shown), when the chloride in ASW
was replaced by the impermeant anion methane sulfonate. The inward current (Iinw). Following the pulse of the
initial transient outward current, the rate of decrease inWe observed in some oocytes that the outward current was
followed by one or several smaller pulses with correlative current slowed for about 10 min in the majority of oocytes
(13 of a total of 16) causing a plateau, pl , in the currentincrease(s) in conductance (Figs. 2a and 2b). In current
clamped oocytes, we recorded a transient membrane hyper- pro®le. Then the current became abruptly inwardly directed
to ®nally reach its maximum (Figs. 1d, 2a, and 2b). In corre-polarization, iHyp, corresponding to the initial transient out-
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lation with this, the conductance ®rst decreased and then
rose when the current became largely inward (Figs. 2a and
2b). The amplitude of the inward current was 0148 { 40
pA (n  8) and 065 { 17 pA (n  9) for Vc  0 and 060
mV, respectively, and the conductance was larger at the
depolarized level. This ®nding was con®rmed by a series
of experiments (n  4) where the oocyte membrane was
repetitively tested with a voltage clamp ramp, after the re-
placement of Mg2/-free ASW by standard ASW which repre-
sents the time 0 (Fig. 2c). After 14 min, the small negative
current sharply increased when the membrane became
more positive than 050 mV and reached a maximum at
about 0 mV. The phenomenon was more pronounced after
22 min. We also detected that this inward current was pri-
marily carried by Na/ ions since it decreased to zero or
became outward, with a concomitant decrease of the mem-
brane conductance when standard ASW was replaced by
Na/-free ASW (Fig. 2b). Similarly, on oocytes stimulated by
Na/-free ASW, we only recorded the initial outward current
but not the following inward one (n  3; not shown). In
current-clamped oocytes, the membrane potential displayed
®rst a plateau, pl , and then depolarized more rapidly to cul-
minate in positive values (on average 28 { 5 mV, n  20)
(Figs. 1a and 3c). For the sake of simpli®cation, this period
as a whole was de®ned as the phase of membrane depolar-
ization, Dep, although the plateau level might be some-
times more negative than the membrane potential resting
value.
The ®nal outward current (If.out). After having reached
its maximum negative value, the current decreased rapidly
from the point of slope change, Idecr , to zero (Table 2) and
then rapidly rose outwardly to reach a constant value (Figs.
1d, 2a, and 2b). Concurrently, the membrane conductance
reached a high level which was not statistically different
from that observed during the initial outward peak, and did
not depend on the holding voltage (Figs. 2a and 2b). This
last increase in conductance was K/-dependent, since it de-
pended closely on external K/ concentration (not shown).
In current clamped oocytes, the membrane potential ®rst
decreased to zero and then hyperpolarized rapidly to a ®nal
value (Em  064 { 3 mV, n  12) (Figs. 1a and 3c). For the
sake of simpli®cation, this period was termed, as a whole,
as the ®nal phase of membrane hyperpolarization, fHyp, al-
though it always started from a positive membrane poten-
FIG. 3. (a and b) Simultaneous records of changes in the relative
tial value, fh. The changes in membrane current and con-¯uorescence signal (F/FR) and membrane potential (Vm), in Ca green
ductance usually evoked by standard ASW were not ob-dextran microinjected oocytes subjected, as in Fig. 1a, to the effects
served in oocytes injected with BAPTA (n  3) and exposedof external Mg2/ and then submitted to prompt replacements of
for up to 50 min to standard ASW (Figs. 1e and 2a).ASW back to Mg2/-free ASW (0 Mg, 12 Ca). (a) ASW was replaced
by Mg2/-free ASW and then in turn Mg2/-free ASW was changed
by ASW, by 90 sec and 45 min, respectively, after the onset of the
[Ca2/]i and membrane conductance responses to Mg2/. (b) ASW was
changed back to Mg2/-free ASW 6 min after the onset of the [Ca2/]i
and membrane conductance changes induced by external Mg2/ and ing from the same female as in a and b, stimulated by external
then, conversely, the replacement of Mg2/-free ASW by ASW was Mg2/, as control. For a, b, and c, the terms are the same as in the
accomplished twice at 23 and 45 min, respectively, after the initial legend to Fig. 1. Numbers at the breaks in the traces indicate the
[Ca2/]i and membrane conductance changes. (c) An oocyte, originat- time elapsing (in minutes).
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TABLE 3
Peak Values of [Ca2/]i , Membrane Current, Membrane Conductance, and Membrane Potential
in Prawn Oocytes Activated by External Mg2/
Electrophysiological characteristics
[Ca2/]i Oocytes before activation Mg2/-activated oocytes
Voltage clamped oocytes max ¯uorescence Ihold ghold Imax Gmax
value (F/FR)
Vc  060 mV 20 { 24 p 2.3 { 0.5 nS 160 { 30 pA 9.2 { 1 nS
(n  12) (n  9) (n  12) (n  7)
Vc  0 mV 2.05 { 0.08 84 { 14 pA 2.4 { 0.3 nS 670 { 70 pA 8.4 { 0.8 nS
(n  8) (n  14) (n  14) (n  13) (n  14)
Current clamped oocytes Em Hmax
2.13 { 0.04 021 { 3 mV 069 { 3 mV
(n  23) (n  25) (n  22)
Note. Ihold , holding current of voltage clamped oocytes; ghold , membrane conductance of voltage clamped oocytes; Imax, maximal value
of the initial transient outward current in voltage clamped oocytes; Gmax, maximal conductance value attained at Imax; Em, resting potential
value in current clamped oocytes; Hmax, maximal value of transient membrane hyperpolarization in current clamped oocytes.
Correlations between Changes in [Ca2/]i and onset of the ®nal membrane hyperpolarization, fh, or of the
related ®nal outward current, Idecr , (Figs. 1a, 1d, and 3c andMembrane Conductance
Table 2). Finally, introduction of BAPTA with Ca greenIn our simultaneous records of [Ca2/]i and membrane po- dextran into oocytes suppressed the correlated changes intential or current changes, the onset of the [Ca2/]i changes both [Ca2/]i and current or potential (n  4, Fig. 1e).was correlated with the onset of the transient initial mem-
External Mg2/ must be permanently in contact with the
brane hyperpolarization or the related transient outward
oocyte membrane. The effects of a change from ASW back
current peak (Figs. 1a±1d, 3a±3c, and 4c), with nevertheless to Mg2/-free ASW and in turn from Mg2/-free ASW to ASW
a slight time lag of respectively 8.5 { 2 sec (n  12) or 7 { were tested in a series of experiments (n  8) shown in Fig.
1.5 sec (n  5), easily observable at high speed (Fig. 1c). The 3. When ASW was replaced by Mg2/-free ASW only 90 sec
likely explanation for this delay is that K/ channels detected after the onset of the [Ca2/]i , both [Ca2/]i and Vm promptlychanges in [Ca2/]i localized under the membrane, before the shifted back to their respective basal resting values and re-
whole [Ca2/]i signal. In addition, the time needed to attain mained at these levels. If, after 45 min of contact with Mg2/-
the maximum for membrane hyperpolarization, or for the free ASW, the oocyte was again exposed to ASW, it immedi-
related outward transient current, is shorter than that re- ately displayed the complete patterns of [Ca2/]i and membrane
quired to reach maximal value of the ®rst peak of [Ca2/]i potential changes (Fig. 3a). In a second experiment, when ASW
(Table 2), but ®nally the durations of both the initial tran- was replaced by Mg2/-free ASW 6 min after the onset of the
sient membrane hyperpolarization, iHyp, or the related phase [Ca2/]i response, [Ca2/]i and Vm promptly shifted back to their
of initial outward current, Iout , and the ®rst [Ca2/]i peak respective basal resting values (Fig. 3b). On the same oocyte,
were identical (Table 2). In addition, the maximal values a series of large [Ca2/]i oscillations, concomitant with a tran-
of F/FR were not signi®cantly different whether or not the sient hyperpolarization and a slow depolarization of the mem-
oocytes were voltage-clamped (Table 3). The following brane followed by the ®nal hyperpolarization, was further trig-
shoulder in [Ca2/]i and the subsequent series of [Ca2/]i oscil- gered by replacement of Mg2/-free ASW by ASW at 23 min
lations corresponded to the phase of membrane depolariza- (Fig. 3b), that is, the time corresponding to the occurrence of
tion, Dep, or to the related inwardly directed current, Iinw. these oscillations in the controls (Figs. 1a and 3c). The [Ca2/]i
In current-clamped oocytes, the time courses of [Ca2/]i and kept its basal resting value when ASW was again replaced by
membrane potential changes were mirror images (Figs. 1a, Mg2/-free ASW. Finally, in the same oocyte, the resumption
3c, and 4c), while in voltage-clamped oocytes the time of the [Ca2/]i program was triggered when Mg2/-free ASW
courses of [Ca2/]i and current changes were parallel (Fig. 1d). was again replaced by ASW, 45 min after the onset of the
In oocytes in which the [Ca2/]i oscillations were of unusu- experiment (Fig. 3b). Thus, 90 sec of contact with Mg2/ trig-
ally large amplitude, the membrane potential changes con- gers only a [Ca2/]i transient, while 6 min of contact with
sisted in transient, unusually large membrane hyperpolar- Mg2/ is suf®cient to program the entire pattern of [Ca2/]i and
izations which also appeared as mirror images of the [Ca2/]i membrane conductance changes. Moreover, a continuous con-
oscillations (Fig. 1b). The onset of the subsequent increase tact between the oocyte membrane and Mg2/ must be main-
tained for this program to be accomplished.of [Ca2/]i , op , to the plateau level was concurrent with the
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ment of Mg2/ and Ca2/-free ASW±EGTA by Ca2/-free Mg2/-
enriched ASW±EGTA, the oocytes displayed a pattern of
[Ca2/]i changes which consisted of only an oscillation period
and was devoid of the second state of sustained level of
[Ca2/]i (Fig. 4a). The ®rst peak was not statistically different
(at P  0.05) in intensity and duration from that observed
under ASW stimulation (F/FR  1.98 { 0.07, n  18, vs
F/FR  2.17 { 0.03, n  27). The subsequent decrease of the
[Ca2/]i signal with a shoulder phase and the series of [Ca2/]i
transient oscillations were analogous to those observed un-
der ASW stimulation. However, the duration of the oscilla-
tory plateau was signi®cantly shorter (P  0.01) than that
observed with ASW (14.5 { 3.0 min, n  14, vs 49.6 { 4.5
min, n 21). Of the 14 oocytes treated with Ca2/-free Mg2/-
enriched ASW±EGTA which developed the above modi®ed
pattern in [Ca2/]i changes, only 2 displayed a thin incom-
plete envelope 2, 6 underwent the ®rst step of the cortical
reaction, and 6 did not show any secretory process. In a
similar experiment, a sustained [Ca2/]i rise was restored by
replacement of Ca2/-free Mg2/-enriched ASW±EGTA by
ASW (Fig. 4b). Finally, an oocyte was ®rst stimulated by
ASW, and then subjected to repetitive sequential replace-
ment of ASW by Ca2/-free Mg2/-enriched ASW±EGTA and
conversely replacement of Ca2/-free Mg2/-enriched ASW±
EGTA by ASW. The result was the induction of successive
[Ca2/]i decreases and [Ca2/]i rises, respectively (Fig. 4c).
Thus, external Ca2/ might partly intervene in the oscilla-
tion plateau of [Ca2/]i and is required for the accomplish-
ment of the second state of sustained [Ca2/]i level.
Effects of removing external Ca2/ on changes in mem-
brane current and potential. When Ca2/-free Mg2/-en-
riched ASW±EGTA was introduced in the chamber, the
voltage-clamped oocytes always displayed a triphasic elec-
trophysiological response with an initial transient outward
current not signi®cantly different from that observed in theFIG. 4. (a and b) Simultaneous records of the relative ¯uorescence
controls. However, the duration of the inward current wassignal (F/FR) and membrane potential (Vm) changes induced by Ca2/-
statistically longer than in controls (39 { 4 min, n  7 vsfree Mg2/-enriched ASW±EGTA, in Ca green dextran microinjected
oocytes. (a) The oocyte, initially bathed with Mg2/ and Ca2/-free 21 { 2.5 min, n  9, P  0.05) (not shown). In current-
ASW±EGTA (0 Mg, 0 Ca, 0.5 EGTA), was stimulated by Ca2/-free clamped oocytes, Ca2/-free Mg2/-enriched ASW±EGTA in-
Mg2/-enriched ASW±EGTA (52 Mg, 0 Ca, 0.5 EGTA). (b) The oocyte duced the same triphasic changes in membrane potential,
was stimulated, as in (a), by external Mg2/ in the absence of external but the ®nal phase of membrane hyperpolarization was de-
Ca2/ and then the Ca2/-free Mg2/-enriched ASW±EGTA was replaced layed and the ®nal value attained by Vm was less negativeby ASW. (c) The oocyte was ®rst stimulated by standard ASW, and
(Fig. 4a) than in the controls. When Ca2/-free Mg2/-enrichedthen subjected to repetitive sequential replacements of ASW by Ca2/-
ASW±EGTA was replaced by ASW, the sustained [Ca2/]ifree Mg2/-enriched ASW±EGTA and vice versa. For a, b, and c, the
rises were correlated with membrane hyperpolarizationsterms are the same as in the legend to Fig. 1. Numbers at the breaks
(Figs. 4b and 4c).in the traces indicate the time elapsing (in minutes).
DISCUSSION
Involvement of External Ca2/ in the Changes in
The present study is the ®rst report dealing with simulta-[Ca2/]i and Membrane Conductance neous records of [Ca2/]i and membrane potential or current
changes, in a protostome oocyte undergoing activation. (1)Effects of removing external Ca2/ on Mg2/-induced
changes in [Ca2/]i . Oocytes injected with Ca green dex- Prawn oocytes displayed both oscillatory [Ca2/]i changes
and a subsequent sustained level in [Ca2/]i induced by exter-tran were ®rst bathed for 10 min in Mg2/ and Ca2/-free
ASW±EGTA. Shortly (32 { 6 sec, n  13) after the replace- nal Mg2/. (2) These changes in [Ca2/]i caused concurrent
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changes in membrane conductance with some oscillatory The Following Second State
of Sustained [Ca2/]i Levelphases and were involved in the activation events. (3) A
continuous contact of external Mg2/ with the oocyte mem-
Mg2/-activated oocytes of the prawn P. serratus represent
brane was necessary to maintain the program of [Ca2/]i and the ®rst example of protostome eggs displaying a sustained
membrane conductance changes. (4) At most, 6 min of expo-
[Ca2/]i level which is maintained for up to 3 hr. Undoubt-sure to external Mg2/ in ASW was required to irreversibly
edly, this prolonged [Ca2/]i level may be associated withprogram the complete pattern of [Ca2/]i and membrane con- the unusually long-lasting cortical reaction occurring in the
ductance changes. (5) Both internal and external sources
prawn oocyte under Mg2/ stimulation. It would be interest-
of Ca2/ mobilization were required to obtain the complete
ing to determine whether eggs of the crabs Maia squinado
typical patterns of the correlated [Ca2/]i and electrical re- and Carcinus maenas, which display upon fertilization a
sponses to external Mg2/.
cortical reaction similar to that observed in prawn oocytes
(Goudeau and Becker, 1982), might show such speci®c
changes in [Ca2/]i during activation.
The First [Ca2/]i Oscillation Period
Relationships between Activated MembraneIn prawn oocytes, external Mg2/ stimulated an initial
Channels and [Ca2/]i Changes[Ca2/]i oscillation period which consisted of a ®rst peak, a
series of oscillations and an oscillatory plateau. Repetitive The fact that prawn oocytes, microinjected with BAPTA,
[Ca2/]i increases have been observed in the eggs of several did not display any signi®cant change in current and con-
deuterostomes such as those of the ascidian (Speksnijder et ductance indicates that the channels responsible for the
al., 1989) and mammals (Cuthberson and Cobbold, 1985; initial transient outward current, the following inward cur-
Miyazaki et al., 1986, Kline and Kline, 1992; Sun et al., rent, and the ®nal outward current are Ca2/-dependent, as
1992, Fissore et al., 1992). In contrast, only two reports have observed with regard to the egg fertilization potential of
described [Ca2/]i transients in protostome eggs including the hamster (Miyazaki and Igusa, 1981) and of the anuran
those of the bivalves Limaria, Crassostrea, and Hiatella amphibian Rana pipiens (Jaffe and Schlichter, 1985). The
which all displayed, after the fertilization pulse, an oscilla- initial transient and ®nal outward current are both carried
tory increase in [Ca2/]i superimposed on an elevated [Ca2/]i by K/ ions since they were not sensitive to the suppression
level (Deguchi and Osanai, 1994), and of the annelid Chae- of external chloride and had a reversal potential close to Ek.
We observed that the ®nal outward current was synchro-topterus which developed brief multiple propagated and
nous with the [Ca2/]i increase leading to the level of thenonpropagated calcium transients (Eckberg and Miller,
oscillatory plateau, suggesting here also that the involved1995).
K/ channels might be Ca2/-activated. Taken as a whole,In prawn oocytes, the sources of Ca2/ mobilization are of
these results lead us to suppose that two kinds of K/ chan-internal origin during the ®rst peak and during the subse-
nels could operate sequentially in this system, respectively,quent series of [Ca2/]i oscillations since we did not detect
activated by high or moderate [Ca2/]i levels. In addition,any statistical difference in the characteristics of these ini-
Ca2/-activated Na/ channels might be chie¯y responsibletial changes with or without external Ca2/. In contrast, an
for the inward current, since this current was suppressed inin¯ux of Ca2/ could be involved in the accomplishment of
Na/-free ASW and only evoked at a relatively high level ofthe [Ca2/]i oscillatory plateau since its duration was reduced
[Ca2/]i . Such Ca2/-activated Na/ channels were previouslyin the absence of external Ca2/ and the related ®nal mem-
detected during the depolarizing phase of the fertilizationbrane hyperpolarization was impaired. These last results
potential in the eggs of the nemertean worm Cerebratuluswhich reveal the substantial contribution of external Ca2/
lacteus and the sea urchin Lytechinus pictus (Jaffe et al.,to the normal time course of the [Ca2/]i oscillatory plateau
1986; David et al., 1988; Mohri et al., 1995). Finally, otherare of biological signi®cance since the beginning of the mei-
channels might exist mediating the Ca2/ in¯ux requiredosis resumption and the ®rst step of the cortical reaction
for the accomplishment of the [Ca2/]i oscillatory plateau.occurred during this phase. The necessity of a Ca2/ in¯ux
Activation of these channels could be induced by the deple-during the [Ca2/]i rise at fertilization or in arti®cial activa-
tion of the Ca2/ intracellular stores resulting from the mas-tion was recognized long ago for eggs or oocytes of protos-
sive Ca2/ release during the ®rst [Ca2/]i peak and subsequenttome species, such as the echiurian worm Urechis (Johnson
oscillations, thus supporting the Putney's theory of a capaci-and Paul, 1977) and the marine bivalves Barnea, Spisula
tative Ca2/ entry pathway (Putney and Bird, 1993).(DubeÂ and Guerrier, 1982; DubeÂ , 1988), and Ruditapes
(Guerrier et al., 1993). More speci®cally, our results con-
verge somewhat with those of Deguchi and Osanai (1994) Possible Target(s) of External Mg2/
on Mytilus and Crassostrea eggs in which both Ca2/ release
from internal stores and Ca2/ in¯ux via voltage-gated chan- In the prawn oocyte, [Ca2/]i changes induced by Mg2/
could result from the activation of a putative membranenels are responsible for the pattern of [Ca2/]i changes.
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gated calcium transients during egg activation in the annelid,receptor analogous to the Ca2/-sensing receptor already evi-
Chaetopterus. Dev. Biol. 172, 654±664.denced in numerous cell types (review in Brown, 1991). In
Eckberg, W. R., Miller, A. L., Short, L. G., and Jaffe, L. F. (1993).the shrimp Sicyonia ingentis, the oocytes are also activated
Calcium pulses during the activation of a protostome egg. Biol.by Mg2/ which might act extracellularly to induce the asso-
Bull. 185, 289±290.ciated [Ca2/]i rise (Lindsay et al., 1992; Lindsay and Clark, Fissore, R. A., Dobrinsky, J. R., Balise, J. J., Duby, R. T., and Robl,
1994). The fact that a tyrosine kinase activity has been de- J. M. (1992). Patterns of intracellular Ca2/ concentrations in fer-
tected in this shrimp oocyte and that InsP3 injection in- tilized bovine. Biol. Reprod. 47, 960±969.
duced a [Ca2/]i increase while Mg2/ injection did not might Goudeau, H., Depresle, Y., Rosa, A., and Goudeau, M. (1994). Evi-
also implicate the existence of a Mg2/ receptor for this spe- dence by a voltage clamp study of an electrically mediated block
cies (Lindsay and Clark, 1994). In the prawn oocyte, the to polyspermy in the egg of the ascidian Phallusia mammillata.
Dev. Biol. 166, 489±501.Mg2/-sensing putative receptor would be not desensitized,
Goudeau, H., and Goudeau, M. (1986b). External Mg2/ is requiredsince a continuous contact of external Mg2/ was necessary
for hyperpolarization to occur in ovulated oocytes of the prawnto maintain the program of [Ca2/]i and membrane conduc-
Palaemon serratus. Dev. Biol. 118, 371±378.tance changes. In addition, the intracellular mechanism(s)
Goudeau, M., and Becker, J. (1982). Fertilization in a crab. II. Cyto-linked to this receptor are dependent on the duration of the
logical aspects of the cortical reaction and fertilization envelopereceptor stimulation since 90 sec of contact with Mg2/ was
elaboration. Tissue Cell 14, 273±282.
ineffective while 6 min was suf®cient to program the entire Goudeau, M., and Goudeau, H. (1986a). The resumption of meiotic
pattern of [Ca2/]i and membrane conductance changes. All maturation of the oocyte of the prawn Palaemon serratus is regu-
these points prompt us to further investigate the nature and lated by an increase in extracellular Mg2/ during spawning. Dev.
physiological characteristics of this Mg2/-sensitive receptor Biol. 118, 361±370.
and the transduction pathway involved. Goudeau, M., Goudeau, H., and Guillaumin, D. (1991). Extracellu-
lar Mg2/ induces a loss of microvilli, membrane retrieval, and
the subsequent cortical reaction, in the oocyte of the prawn Pa-
laemon serratus. Dev. Biol. 148, 31±50.ACKNOWLEDGMENTS
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